Background: Improvements in antimetabolite drugs have prolonged the survival of patient with hematological malignancies. However, these drugs may have hepatotoxic side effects and may induce acute liver failure, chronic liver fibrosis, cirrhosis, or even hepatocellular carcinoma (HCC). Although liver resection remains a curative option for HCC, its role in HCC with hematological malignancies has never been fully explored. Methods: A retrospective review of 1725 patients who underwent curative liver resection for newly diagnosed HCC between 1994 and 2016 was conducted. Among these patients, 16 had a history of hematological malignancies (HM group). Their hematological malignancies were well-controlled at the time of liver resection. The clinicopathological characteristics of the HM group, along with their short-and long-term outcomes after liver resection, were compared with those of the other 1709 patients without hematological malignancy (non-HM group). Results: All HM group patients were seropositive for hepatitis marker surface for hepatitis B and C. No significant differences were observed in any background characteristics between the two groups. The postoperative complication rate and 90-day mortality in the HM and non-HM groups were 25 and 20.4%, P = 0.754, and 0 and 0.6%, P = 1.000, respectively. The 5-year disease-free and overall survival rates for the HM and non-HM groups were 42.3 and 35.1%, P = 0.552, and 69.5 and 56.9%, P = 0.192, respectively. Conclusions: Hepatitis markers should be examined during chemotherapy for hematological malignancies. Regular liver imaging studies are recommended for seropositive cases. When HCC occurs secondary to a well-controlled hematological malignancy, liver resection is suggested in selected patients.
Background
Outcomes of hematological malignancies have improved substantially and survival times have markedly increased due to the progression of antimetabolite therapies [1] . However, the hepatotoxic side effects of antimetabolite drugs are an important consideration [2] [3] [4] [5] . Acute hepatocyte necrosis and fulminant liver failure may occur after administration of these agents, especially in patients with chronic hepatitis B or C infection [2, 3] .
Moreover, antimetabolite drugs may cause methylation of mitochondrial DNA in hepatocytes, resulting in phenotypic changes, and may induce malignant change in hepatocytes leading to subsequent primary hepatocellular carcinoma (HCC) formation [4, 5] . Therefore, liver fibrosis, cirrhosis, and HCC have been reported after long-term use of these drugs [4] . Moreover, as Taiwan is an endemic area of hepatitis B, HCC has consistently ranked as the first or second leading cause of cancer death in the past 20 years. Most HCC patients in Taiwan are seropositive for hepatitis B surface antigen (HBsAg) and/or anti-hepatitis C antibody (anti-HCV) [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . When patients with hepatitis also have hematological malignancies, the hepatocytes that have been injured by hepatitis B or C may be more susceptible to antimetabolite-induced insults and accelerated HCC formation [4] [5] [6] [7] [8] . We have observed the development of HCC in patients with hematological malignancies.
At present, radiofrequency ablation (RFA), liver resection, and liver transplantation are well-recognized as curative options for HCC [6, 7] . However, these strategies have their advantages and limitations. Appropriate case selection with multimodality therapies may provide long-term survival and optimal quality of life [6] [7] [8] . Among these strategies, liver resection remains the most widely adopted classical curative modality for HCC [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . However, liver resection is a highly complex procedure with a high complication rate despite its low mortality in high-volume centers [9] .
To the best of our knowledge, the role of liver resection for HCC in patients with hematological malignancies has never been investigated. In this study, a retrospective analysis of prospectively collected data from HCC patients who underwent liver resection was conducted. The aim of the study was to elucidate the benefits of liver resection for HCC in this patient cohort.
Methods
This study was approved by the institutional review board (IRB). A retrospective review of prospectively collected data from 1725 consecutive patients who underwent curative liver resection for newly diagnosed HCC between 1994 and 2016 was conducted. Curative resection was defined as the removal of tumors that were preoperatively detected by imaging studies or the removal of tumors that were detected intraoperatively by palpation or ultrasonography [10] [11] [12] [13] [14] [15] [16] [17] [18] .
Among the HCC patients, 16 (0.9%) had a history of varied hematological malignancies. All patients received generally recommended regimens of systemic chemotherapies [1] . The HCCs in 3 patients were detected during the course of chemotherapy, while the HCCs in the other 13 patients were detected at an average of 79 (range, 9-174) months after hematological treatment. The hematological malignancies included large B-cell lymphoma in eight patients (nodal type 5, extranodal type 3 (stomach, 1, orbit floor 1, colon 1), multiple myeloma in three, chronic myelocytic leukemia in two patients, chronic lymphocytic leukemia in two patients, and acute myelocytic leukemia in one patient. For the three HCCs (one lymphoma, multiple myeloma, and chronic lymphocytic leukemia) that were found during the course of chemotherapy, the chemotherapy (synchronous HCC) was temporarily discontinued for 4 weeks and was then restarted 2 weeks after total recovery from the hepatectomy or after complete postoperative healing had occurred. The policies and protocols of the systemic anticancer therapies for these hematological malignancies are listed in Table 1 . Two patients had ≥ 3 malignancies (lymphoma, papillary thyroid carcinoma, stomach cancer and HCC in 1 patient; multiple myeloma, basal cell carcinoma of the chest wall, and HCC in 1 patient).
Patient selection criteria for HCC resection Assessments of HCC patients who underwent liver resection
The hematological malignancies of all patients were considered to be well-controlled by hematologists (YSY and JLT). The extrahepatic malignancies in two patients who had ≥ 3 primary malignancies were also considered to be controlled at the time of HCC diagnosis. The results of conventional liver function tests, seropositivity for HBsAg and anti-HCV, and the serum α-fetoprotein (AFP) level were determined [9] [10] [11] [12] [13] [14] [15] . The indocyanine-green 15-min retention rate (ICG R15) was determined for each patient. Child-Pugh grading for cirrhotic liver function [16] was conducted for all patients. If the patient's general condition fulfilled the criteria for American Society of Anesthesiology (ASA) class 1 or 2, liver resection was indicated [9] . Computed tomography (CT) or magnetic resonance imaging (MRI) of the liver was performed in all patients. The extent of liver resection was based on the ICG R15, and tumor extension was estimated using a modified version of the Makuuchi criteria for cirrhotic liver resection [9, [11] [12] [13] [14] [15] . Concomitant splenectomy was performed if the patient had hypersplenic thrombocytopenia (platelet count < 8 × 10 4 /mm 3 ) [13] . Preoperative gastroduodenal endoscopy was performed in all patients. If severe gastro-esophageal varices were found, they were treated by endoscopic sclerotherapy or variceal ligation [14] . Perioperative heparin-free hemodialysis was performed for patients with end-stage renal disease (from 1 day before surgery to postoperative day 7) [15] .
During surgery, intraoperative ultrasonography was routinely performed to define the location of major intrahepatic vessels and tumors that were not visible or impalpable. The liver parenchyma was transected using the Kelly clamp The resected specimens were sent to a pathologist (YGJ) to determine the pathologic characteristics of HCC. UICC-TNM tumor staging (8th edition) [17] was applied to each patient for tumor staging after pathological examination. Cirrhosis severity was assessed using the Ishak scoring system [18] .
Operative mortality was defined as a death within 90 days postoperatively. The Clavien-Dindo complication severity [19] was also evaluated in patients with complications. After undergoing hepatectomy, patients were followed up at both surgery and hematology out-patient clinics. If HCC recurred, patients were treated by re-resection, radiofrequency ablation (after 2000, for tumor with ≤ 3 nodules, each ≤ 3 cm), transarterial chemoembolization (TACE) [19] , Sorafenib (after 2009 in our hospital) or conservative treatment as appropriate.
Statistical analysis
The clinicopathological characteristics of the 16 patients with a history of hematologic malignancies (HM group) were compared with those of the other 1709 patients without hematologic malignancies (non-HM group). The early postoperative results and the long-term disease-free (DFS) and overall survival (OS) rates were also compared between the two groups.
Continuous variables are expressed as medians (ranges) and were compared using the Mann-Whitney U test. Frequencies were compared using Fisher's exact test or Pearson's χ 2 test as appropriate. All patients were followed up until June 2017. The Kaplan-Meier life table method was used to calculate the DFS and OS rates. The log-rank test was used to compare the difference in survival between the two groups.
Results
The clinical characteristics of all patients who underwent liver resection are shown in Table 2 [20] . No significant differences were observed in any of the variables between the two groups. Notably, all patients in the HM group were seropositive for HBsAg and/or anti-HCV, although the data were not significantly different from those of patients in the non-HM group. Early post-operative results are shown in Table 3 . No significant differences were found for any complications or severities (Clavien-Dindo classification 17 ) between the two groups. The 90-day incidence of mortality after surgery in the HM and non-HM groups were 0 and 11 (0.6%) (P = 1.000), respectively.
The pathological characteristics of the resected specimens are listed in Table 4 . No significant differences were found between the two groups.
Repeat hepatectomy was performed on two patients in the HM group and on 298 patients in the non-HM group. As shown in Fig. 1 , the 2-, 5-, and 10-year-DFS rates for HCC in the HM group were 66.7, 42.3, and 31.7%, while the 2-, 5-, and 10-year -DFS rates for HCC in the non-HM group were 57.2, 35.1, and 21.1%, respectively (P = 0.552). Figure 2 shows that the 2-, 5-, and 10-year-OS rates after resection of HCC in the HM group were 79.4, 69.5, and 69.5%, while the 2-, 5-, and 10-year-OS rates for HCC in the non-HM group were 78.4, 56.9, and 34.1%, respectively (P = 0.197). No patients in the HM group had a recurrence of or died from a hematological malignancy. Fig. 1 Disease-free survival rate of HCC patients after resection iodine ablation was performed. She remains disease-free at the time of this report, 11 years after the first hepatectomy and 5.5 years after the second hepatectomy.
Discussion
In this study, HCC patients with hematological malignancies (HM group) were categorized as having a multiple primary malignancy (MPM) disease. The term MPM was first proposed by Billroth in 1884 [21] . In 1932, Warren and Gates conducted a literature review that included autopsy cases and found evidence of more than 1000 cases of MPM [22] . With recent improvements in diagnostic tools and prolonged survival rates after malignancy treatment, the incidence of MPM has gradually increased. Berrington de Gonzalez, et al. [23] reported that 18% of cancer patients who had received radiotherapy in the USA had MPM. In the European Union, the incidence of MPM was reported to be 11% [24] . For MPM that included HCC, a study conducted in Korea in 2012 reported an incidence rate of 11.5% [25] . The cause of secondary liver malignancy formation in patients with hematologic malignancy is not wellrecognized. In our series, not surprisingly, hepatitis B and C still played important roles in HCC formation in HM group patients, as all patients were seropositive for HBsAg and/or anti-HCV. A possible mechanism involves hepatocyte injury (either acute or chronic) by antimetabolite drugs, which can cause genetic changes and cancer cell formation. All hematologic malignancies developed in patients whose conditions were wellcontrolled. Taiwan is an endemic area for hepatitis B virus; a large proportion of the general population is seropositive for HBsAg. When affected individuals receive antimetabolite drugs, the hepatotoxic side effects of these drugs may cause liver cell damage or liver cell carcinogenesis by methylation of mitochondria [4] [5] [6] [7] . In the past, physicians in our institution reported the use of large doses of antimetabolite drugs during pulse therapy for active collagen disease with massive liver necrosis requiring liver transplantation [2] . Thereafter, they established a guideline to perform routine evaluations of liver function and serum HBsAg and anti-HCV seropositivity for the early detection of liver injury after chemotherapy [3] .
In this series, all HM group patients were seropositive for hepatitis markers. As with general HCC populations who have a high incidence of positive serum hepatitis markers, regular liver imaging studies should be mandatory in HBsAg-or anti-HCV-positive patients undergoing chemotherapy for hematologic malignancies to determine the presence of liver tumors. Moreover, HCC formation and hepatotoxic conditions such as acquired immunodeficiency syndrome (AIDS), malnutrition, alcohol overintake (defined as daily alcohol intake ≥ 20 g [20] ), and heavy metal toxicity can be researched using present study model. Nevertheless, the incidence of these conditions in our HCC patients are very low (Table 2 ). Yet, the true mechanism of HCC formation in these circumstances remained unknown.
The outcome of MPM patients remains controversial. Long-term survival could be achieved in patients whose malignancies are well-controlled. The prognosis of unresectable HCC in patients with hematological malignancy is usually dismal [4] . The association of HCC and hematological malignancy is unique; the incidence was only 0.93% in our series over 22 years. A report from Beijing, China, in which a 26-year follow-up study was conducted, reported that the most common secondary cancers with HCC were lung cancer, colorectal cancer, and thyroid cancer. Only 1 of 40 HCC patients had a secondary site that indicated blood cancer. The longterm results of liver resection of HCC with extrahepatic secondary malignant tumors were similar to those of HCC patients without secondary cancers [26] . Most of these patients succumbed to HCC recurrence. Similar results were reported in a study conducted in southern Japan [27] , which found that most cancer recurrences consisted of HCC after liver resection for HCC and extrahepatic secondary malignancies.
Our hematologists routinely monitored patients by performing liver imaging studies during or after treatment for hematologic malignancies. For controlled hematological malignancies, aggressive liver resection for HCC yielded similar early and long-term outcomes as general resectable HCC cases.
The resectability of HCC depends on the patient's general condition and liver function and the tumor location. In the HM group, chemotherapy for hematological malignancy may induce decreased host immunity. Thus, the risk of liver resection in these patients may increase. However, the patient selection criteria for HCC in the non-HM group were similar to those applied in the HM group. No operative mortality occurred in the HM group, and the postoperative morbidity was also acceptable. The surgical risks were similar in the HM and non-HM group, particularly in patients whose HCCs were detected during chemotherapy. We believe that if hematological malignancies can be well-controlled, liver resection is still safe in selected patients. HCC resection after prior chemotherapy for hematological malignancy was not a particularly influential factor.
The long-term outcomes of our patients were also affected by the recurrence of HCC, but no recurrence of hematological malignancies was observed; no patient in our series had a recurrent or uncontrolled (progression) hematological malignancy. Therefore, post-operative follow-up of these patients should be especially mindful of the possibility of HCC recurrence, in addition to checking for any evidence of hematological malignancies. If there is suspicion of HCC recurrence, multidisciplinary therapies should be urgently applied. With respect to the OS in this study, we found that the DFS and OS of HCC patients were similar to those of the general HCC population.
Conclusions
In conclusion, follow-up after treatment for hematological malignancy should include hepatitis marker, liver functions biomarker, and imaging studies to detect HCC occurrence especially in patients who are positive for HBsAg or anti-HCV. Once HCC has been detected, aggressive liver resection is recommended for selected patients. 
